Abstract: Ammonia oxidation is crucial in nitrogen removal and global nitrogen dynamics since it is the first step of the nitrification process. In this review, we focus on the distribution and community structure of ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) in East Asian paddy soils with variable soil properties. The available East Asian paddy soil data shows that the ammonium concentration and pH ranges from 0.4 to 370 mg/kg and 5.1 to 8.2, respectively. Our meta-analysis suggest that AOA specific gene sequences are generally more abundant than those of AOB in both acidic and alkaline paddy soils, where Nitrosophaera and Nitrosospira amoA clusters mainly dominate the microbial community, respectively. In addition, the contribution of ammonia oxidizers to the nitrification process has been demonstrated using DNA-SIP (DNA-based stable-isotope probing); the results of these studies indicate that pH is the most important factor in niche separation of AOA and AOB under a variety of edaphic conditions. Finally, we discuss a number of other environmental variables that affect the abundance, distribution, and activity of AOA and AOB in East Asian paddy soils.
Introduction
Asia produces and consumes the majority of global rice output, with rice paddies extending thousands of square kilometers. From a biogeochemical perspective, these paddies could be likened to nitrogen rich wetland systems. Increased oxygenation in rhizospheres and bulk soil, attributable to rice porous tissue, has been found to support nitrification in paddy soils [1] [2] [3] . Nitrification is a two-step process. It includes the oxidation of ammonia to nitrite followed by the oxidation of nitrite to nitrate. Ammonia oxidation is the first step of nitrification; it is also the rate-limiting step. Therefore, it plays a major role in nitrogen removal and global nitrogen dynamics. For decades, most researchers have considered ammonia-oxidizing bacteria (AOB) as one of the main players in ammonia oxidation. However, the discovery of ammonia oxidizing archaea (AOA) has challenged this view [2, 4, 5] . Consequently, intense research on the importance of AOA and AOB in ammonia oxidization has been underway [6] [7] [8] [9] . One popular method for exploring the activity of AOA and AOB involves the extraction of DNA of AOA and AOB from rice rhizospheres and bulk soil; specific sets of Polymerase chain reaction (PCR) primers are then applied to amplify the amoA DNA fragments for further analysis [2, [10] [11] [12] [13] . By analyzing the amplification results, the community structure, and the distribution of AOA and AOB has been studied in acidic and alkaline paddy soils under different fertilization regimes. These studies demonstrated that AOA may be able to adapt to a wider range of aerobic conditions [2, 14] . In addition, AOB abundance has been found to increase after the application of nitrogen fertilizers [15, 16] . Numerous factors affect nitrification mechanisms and microbial communities associated with AOA and AOB in soil, such as habitat type, soil temperature, soil pH and the application of nitrogen fertilizers [17] [18] [19] [20] [21] [22] . The effects of a wide range of factors on the nitrification processes in paddy soils have been discussed, such as soil types [23] , availability of ammonium [15, 16] and pH levels [24, 25] . Although the importance of AOA and AOB in paddy soil has been extensively explored, microbial contribution to nitrification and microbial response to environmental factor are poorly understood [25, 26] . Therefore, this mini-review summarizes some recent findings on the abundance, composition, relative importance, metabolic activity, and environmental factors that affect the distribution of AOA and AOB in East Asian paddy soils.
Abundance and Composition of AOA and AOB
The enzyme ammonia monooxygenase (AMO) oxidizes ammonia and converts it into hydroxylamine. Subunits of AMO (alpha-A) found in archaea and bacteria is encoded by the amoA gene. In recent years, the amoA gene of AOA and AOB has been collected and analyzed by different independent molecular techniques such as Denaturing Gradient Gel Electrophoresis (DGGE) and PCR [4, 27] and used as a molecular marker for the activity and diversity of ammonia oxidizers. In addition, modern culture-independent techniques have improved our understanding of the diversity and distribution of AOA and AOB in paddy soils. Table 1 summarizes the edaphic properties and AOA to AOB ratios in selected paddy soils. The abundance and composition of AOA and AOB in Chinese paddy soils was first investigated in microcosm experiments by Chen et al. (2008) [2] , who showed that the AOA outnumbered the AOB irrespective of rice plant presence. The study also showed that AOA to AOB ratios range from 1.2 to 69.3 in bulk and rhizosphere soils. These results were further supported by a study on different Chinese paddy soils where the AOA to AOB ratio varied from 22.9 to 667 [23] . A similar trend was observed in acidic paddy soils, where the pH ranged from 4.4 to 6.8 [27, 29] . These findings are corroborated by the results of Chen et al. (2011) [10] , who found that AOA amoA genes outnumbered AOB amoA genes in acidic paddy soils. The results from paddy alkaline soils showed that the AOA to AOB ratio varied between 2.6 and 121.9 [11, 29] . Moreover, the study on paddy [3] showed that the relative ratio of AOA to AOB ranged from 1.46 to 3.8 and rice plant cultivation increased the AOA and AOB amoA gene abundance in the rhizosphere. In general, the proportion of archaeal amoA genes found in East Asian paddy soils is higher than the proportion of bacterial amoA genes, except for two studies on paddy soils, where the AOA to AOB ratios varied from 0.39 to 12.3 [16] and 0.65 to 10.4 [27] , respectively. In addition, we found one study where the AOA to AOB ratios varied from approximately 0.03 to 0.05 in Korean paddy soils [30] . In order to understand the community structure and dominant ammonia oxidizer clusters in soil, we conducted a meta-analysis on community structure data of Chinese paddy soils provided by a number of recent studies. A comprehensive picture of AOA and AOB community composition is shown in Figures 1 and 2 .
Note: 1 the ratio of archaeal amoA gene copies to bacterial amoA gene copies per gram dry soil. 2 approximate data extracted from graphs and tables. 3 alkali-hydrolysable N. 4 N availability. AOA: ammonia-oxidizing archaea. AOB: ammonia-oxidizing bacteria. OM: organic matter. NO3 − : Nitrate. * g/kg.
A similar trend was observed in acidic paddy soils, where the pH ranged from 4.4 to 6.8 [27, 29] . These findings are corroborated by the results of Chen et al. (2011) [10] , who found that AOA amoA genes outnumbered AOB amoA genes in acidic paddy soils. The results from paddy alkaline soils showed that the AOA to AOB ratio varied between 2.6 and 121.9 [11, 29] . Moreover, the study on paddy soils from Hussain et al. (2011) [3] showed that the relative ratio of AOA to AOB ranged from 1.46 to 3.8 and rice plant cultivation increased the AOA and AOB amoA gene abundance in the rhizosphere. In general, the proportion of archaeal amoA genes found in East Asian paddy soils is higher than the proportion of bacterial amoA genes, except for two studies on paddy soils, where the AOA to AOB ratios varied from 0.39 to 12.3 [16] and 0.65 to 10.4 [27] , respectively. In addition, we found one study where the AOA to AOB ratios varied from approximately 0.03 to 0.05 in Korean paddy soils [30] . In order to understand the community structure and dominant ammonia oxidizer clusters in soil, we conducted a meta-analysis on community structure data of Chinese paddy soils provided by a number of recent studies. A comprehensive picture of AOA and AOB community composition is shown in Figures 1 and 2 . Please see the provided references for more details. In addition, please note that we performed bootstrapping to yield 1000 replicates at each node.
The Nitrosophaera amoA cluster dominated the AOA community. As for the AOB community, Nitrosospira and Nitrosomonas were dominant in alkaline and neutral soils. On the other hand, Nitrosospira was the only dominant group in acidic soils. In section three, we provide a more detailed discussion about the environmental driving factors for the distribution and composition of AOA and AOB in paddy soils. The Nitrosophaera amoA cluster dominated the AOA community. As for the AOB community, Nitrosospira and Nitrosomonas were dominant in alkaline and neutral soils. On the other hand, Nitrosospira was the only dominant group in acidic soils. In section three, we provide a more detailed discussion about the environmental driving factors for the distribution and composition of AOA and AOB in paddy soils.
AOA and AOB Contribution to Nitrification
As revealed in Section 2 different phylogenetically distinct groups of ammonia oxidizing archaea and bacteria correspond with different edaphic conditions. Therefore, a deeper understanding of the abundance and community structure of ammonia oxidizers under a wide range of edaphic conditions could help to elucidate the important role that disparate clades play in the full spectrum of edaphic conditions prevalent in rice paddies. For example, Wu et al. (2011) [16] showed that long-term (22 year) nitrogen fertilizer application altered the community structure of AOB rather than AOA in acidic paddy fields, indicating that AOB dominated ammonia oxidization in the nitrogen rich agricultural study area. The study on long-term nitrogen fertilized agricultural and grassland soils showed that while AOA is more active than AOB in acidic soils, the opposite was true in alkaline soils [26] . Moreover, the DNA-based stable-isotope probing (DNA-SIP) technique has been used to investigate the activity of soil-nitrifying communities. This technique employs a pairwise comparison of 13 CO 2 (labeled microcosms) and 12 CO 2 (control treatment) to assess whether the 13 CO 2 is assimilated by ammonia oxidizers for autotrophic growth. The result of the DNA-based stable-isotope probing technique on paddy fields across southern China showed that AOA was more active in alkaline soils whereas AOB was more active in neutral soils [29] . However, the data on paddy soils from southwestern China [34] demonstrated that nitrification was mainly attributed to AOA in acidic soils, whereas AOB was mainly responsible for nitrification in alkaline soils. The study also showed that the net nitrification rate for acidic paddy soils (pH 5.6) was five times less than alkaline paddy soils (pH 8.2), indicating that the acidic archaea dominant paddies have lower nitrification rates. In addition, Liu et al. (2015) [31] showed that the increase in temperature and CO 2 concentration positively influenced the nitrification activity in paddy soils. Given the small number of studies investigating the contribution of AOA and AOB to nitrification in paddy soils, further research is clearly needed to understand the role they play in different paddy soils.
AOA and AOB Response to Environmental Factors
Soil properties affect the behavior and response of AOA and AOB communities in paddy soils. In this section, we summarize the soil properties and environmental factors that affect the abundance, distribution, and activity of AOA and AOB in East Asian paddy soils.
Nitrogen Fertilizer and pH
Urea is the most commonly used N fertilizer on East Asian paddies. Figure 3 shows the relationship between paddy soil pH levels, AOA/AOB ratios, and ammonium concentrations as identified by the 14 studies considered in this meta-analysis. Due to the large range of values, we use the logarithmic scale to represent the data. In general, NH 4 concentrations and pH levels in East Asian paddy soils vary from close 0.4 to 370 mg/kg and 5.1 to 8.2, respectively. However, the AOA to AOB ratios in paddy soils varies from approximately 1.0 to 2.259 × 10 3 . As for the effects of environmental factors on AOA and AOB activity in paddy soils, it is difficult to ascertain a clear relationship between these three variables applicable to the findings of all 14 studies covered here. Despite this, we will attempt to differentiate between three groupings that correspond to the lower left and right quadrant as well as the top half of Figure 3 , respectively. The first, lower left quadrant, is a grouping of studies that can be characterized as having alkaline and neutral soils with low ammonium concentrations. As can be seen from Figure 3 , two thirds of the studies [11, [29] [30] [31] observed in this low ammonium concentration (below approximately 25 mg/kg) and low AOA/AOB ratios (below 100) had alkaline paddy soils.
When viewing the points within the confines of this quadrant, we can characterize the activity ratio of AOA/AOB as higher in more neutral/nutrient abundant studies. The second group is composed of studies that have ammonium concentrations greater than 25 mg/kg and AOA/AOB ratios lower than 60. As can be seen from the figure, all of the studies in this grouping have neutral to acidic soils. In general, at neutral pH the AOA/AOB ratio decreases with increasing nutrient availability. Finally, the third grouping includes the results of three studies with extremely high AOA/AOB ratios, above 300. As can be seen, two of these studies have acidic soils [10, 25] , whereas the other has a relatively alkaline soil with high levels of ammonium [23] .
relationship between these three variables applicable to the findings of all 14 studies covered here. Despite this, we will attempt to differentiate between three groupings that correspond to the lower left and right quadrant as well as the top half of Figure 3 , respectively. The first, lower left quadrant, is a grouping of studies that can be characterized as having alkaline and neutral soils with low ammonium concentrations. As can be seen from Figure 3 , two thirds of the studies [11, [29] [30] [31] observed in this low ammonium concentration (below approximately 25 mg/kg) and low AOA/AOB ratios (below 100) had alkaline paddy soils. When viewing the points within the confines of this quadrant, we can characterize the activity ratio of AOA/AOB as higher in more neutral/nutrient abundant studies. The second group is composed of studies that have ammonium concentrations greater than 25 mg/kg and AOA/AOB ratios lower than 60. As can be seen from the figure, all of the studies in this grouping have neutral to acidic soils. In general, at neutral pH the AOA/AOB ratio decreases with increasing nutrient availability. Finally, the third grouping includes the results of three studies with extremely high AOA/AOB ratios, above 300. As can be seen, two of these studies have acidic soils [10, 25] , whereas the other has a relatively alkaline soil with high levels of ammonium [23] . Table 1 ). The color gradient represents the mean pH level (acidic to alkaline) in selected paddy soils. The numbers of each point correspond to the data sources, i.e., the references. The Logarithmic scale was used because of the large range of values. Table 1 ). The color gradient represents the mean pH level (acidic to alkaline) in selected paddy soils. The numbers of each point correspond to the data sources, i.e., the references. The Logarithmic scale was used because of the large range of values.
While the data analyzed in this study do not exhibit a general relationship between AOA/AOB ratios, nitrogen fertilizers, and pH levels, our results may reveal intrinsic biological differences and limitations of archaea and bacteria. The majority of studies on nitrifying communities to date seem to indicate that most fluctuations in AOA to AOB ratios are attributable to the relative sensitivity of AOB activity to varying edaphic conditions. Conversely, AOA activity appears to be more resistant to fluctuations in edaphic conditions. For example, the data from northern China (pH 6.9) show that the application of nitrogen fertilizer affects the community structure of AOB, whereas the AOA community structure remains unchanged [15] . A similar trend was observed in paddy soils (pH 6.4) [16] from Jiangsu Province of China, where long term application of nitrogen fertilizer has altered the community structure of AOB but not AOA. In addition, application of manure fertilizer increased the activity of AOB in paddy soils while the activity of AOA remained constant [35] . Moreover, the data on microcosm studies [24] confirm that the AOA community is less responsive to soil conditions. Hussain et al. (2011) [3] also demonstrated that community structure and abundance of bacterial amoA responded differently to soil conditions (pH 6.7). Interestingly, Chen et al. (2008) [2] reported that rice cultivation stimulated an increase of AOA growth, but not AOB growth in paddies of neutral soil pH (6.8) , suggesting that rice cultivation leads to a greater fluctuation in edaphic conditions, which is favorable for archaea. Chen et al. (2011) [10] also demonstrated that AOA activity Environments 2017, 4, 84 6 of 9 was relatively higher in paddy soils at lower pH. In contrast, a study on paddy soils of varying pH (7.3-8.1) that have been under rice cultivation for 50, 100, 300, 2000 years showed that there was no significant difference for archaeal amoA gene abundance whereas bacterial amoA gene abundance varied significantly [33] . These results also showed that the application of N fertilizer could increase the AOB abundance in paddy soils. On the other hand, archaea also benefit from favorable edaphic conditions. As Jing [27] observed, the increase in pH from 4.4 to 6.4 resulted in an increase of archaeal amoA gene abundance in paddy soil. These results were further supported by a study on paddy soils from southern China, showing that AOA abundance significantly increased with increasing pH in acidic and neutral paddy soils [25] . Taken together, however, these results seem to suggest that while both groups benefit from moderate conditions, relatively favorable edaphic conditions, i.e., neutral pH and an abundance of nutrients, seem to benefit bacteria disproportionately. Unfortunately, it is still not possible to draw general conclusions about which variables, i.e., pH, ammonium availability or other environmental variables, play the most important part in determining the abundance and community structure of AOA and AOB in paddy soils.
As is expected, ammonia oxidization and the activity of ammonia oxidizers tend to be positively correlated with ammonium concentrations. These concentrations, however, vary along the vertical soil profile. Therefore, differences between ammonium concentrations at different soil horizons may indicate that there is a relative increase in archaea activity when limited nutrients are available. One study on the activity and community structure of AOA and AOB at different depths of paddy soils showed that community structure of the AOA and AOB are sensitive to soil depth where NH 4 + concentrations varied from 39.9 to 143 (pH 7.0-7.2) [32] . Another study on paddy soil profile analysis conducted by showed that the AOA community might be better able to adapt to low nutrient environments, as indicated by comparatively lower AOA to AOB ratios at higher soil horizons. In general, compared to AOA, the application of nitrogen fertilizer may lead to greater variations in the abundance and composition of AOB in paddy soils, particularly at shallow soil horizons.
While there is a body of evidence that supports the relative resistance of the AOA community to environmental extremes, other findings counter, or weaken, this generalization. For example, Ke et al. (2013) [36] reported that the level of N fertilization had a small effect on the abundance and community composition of the nitrifying community. In addition, a cold-water paddy field study from Guangdong province of China showed that the activity of AOB and AOA was not significantly affected by the application of compost. In contrast, the study on Korean paddy soils showed that both AOA and AOB activity significantly increased after the application of compost in paddy soils [30] , indicating that both communities benefited equally from an increase in nutrients. The study on neutral soil (pH 6.8-7.2) [11] demonstrated that the abundance of AOA and AOB were weakly related to soil pH levels, this finding, however, is presumably a result of the narrow pH range considered.
Other Factors
The study on Korean paddy soils showed that the abundances of bacterial and archaeal 16S rRNA genes are affected by seasonal variations [30] . Chen et al. (2010) [23] showed that the abundance and composition of AOA and AOB are affected by different soil types. The study on rice and wheat rotation from Jiangsu Province of China demonstrated that the application of wheat straw biochar increased the number of bacterial amoA genes [37] . Moreover, Ke et al. (2013) [36] demonstrated that soil compartments could be the most important factor that differentiate the nitrifying community activity and composition. In addition, Liu et al. (2015) [31] observed that temperature variations also have a modest effect on AOA and AOB community structures in paddy soils. Overall, our meta-analysis of factors affecting AOA and AOB abundance suggest that the AOA community is far more resistant to environmental extremes than the AOB community. While this may not be surprising given that archaea have a number of characteristics that allow them to be less sensitive to environmental extremes than bacteria, e.g., the ability to metabolize a wider variety of energy sources etc., our findings may have far-reaching implications for nitrogen cycle management and modeling. Further research is Environments 2017, 4, 84 7 of 9 needed to understand the extent to which other important factors (e.g., temperature, C/N ratio) are involved in niche differentiation of AOA and AOB in paddy soils.
Conclusions
Analysis of AOA and AOB community dynamics in paddy soils with varying edaphic conditions has revealed a number of interesting trends, both within and between groups. Despite this, further investigation is necessary to understand the environmental factors (C/N ratio, temperature) that shape the community structure of AOA and AOB in different paddy soils. This review confirmed that available nitrogen concentrations and pH levels play a crucial role in determining the activity of AOA and AOB in paddy soils. Further research on spatial and temporal variations of AOA and AOB in paddy soils and their contributions to nitrification is necessary.
